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ABSTRACT

The Mars Pathfinder MicroroverHight I sxperiment(MEEX) is a NASA Office of Space
Access and Technology (OSA’L) fiightosperiment which has been delivered and
integrated with the Mars Pathfindei (MEP'1) | nder and spaccaraftsystem. The total cost of
the MIEX mission, including all suhsvston design and development, test, integration
with the MPF lander and operatio s on Mrs has been capped at $25M. At time of
delivery, approximately two thitds of Ui co thas been incunied 'The components of this
rover, implementedin combinations of cotnnercial. mil-spec and some space qualified
parts, have undergone and passed eny 1111111,111 and operational testseries derived from
that expected inconfigurationw ith thela nd: sndinoperationonthe Martian surface.

‘Ibis paper discusses the process aao the mplementation scheme which has resulted in
the development of this first Marsrove 1. 1 hie subsystemn designs which have proven
successful (and notsosuccessful) arcalod.saribed briefly atong, with the requirements
and constraints (with costsninteer:d fact «) which resulted i these designs.  The

qualification status of these subsy~tan.isal copresented.

INTRODUCTION

On July 4, 1997 the Mars Pathfindei (MI'i)
spacecrafl enters the Martian atmosphere, s
braked successively by anacroshellpaiachuie,
rockets and airbags. Once ontheswlacethe
lander (the remaining portion of the spacec1.f)
tights itself by retracting airbags anddeployiiy
petals. On the petals arc solar pancls which w i
power the landet for the remainder of s miinsien
Ononc of these petals is the Microroverllight
Experiment (MEEX), the first roving velndeon
Mars.

The MFEX is a flight experiment of autonomo .
mobile vehicle technologies, whose pron 1wy
mission is to determine microrover P o ¢
in the poor ly understood planctary tet v o
Mars. After landing, the microroveris deploy.
from the lander and begins a nominal 7 sul (14
I Martian day) mission to conductsah
technology exper iments as determining, w hie

s o i | interactions, navigating, traversing gl

avoiding hazards, and gathering data which
characterizes the engineering capability of the
vehiele (ther mal contiol, power generation
peilonmance, communication, etc.). Inaddition,
the microrover carnes an alpha proton x-ray
spec ttometer (A PXS) which when deployed on
rocks and  soil  will  determine  element
coniposition. | astly, to cnhance the engineering
data icturn of the MPHmission, the microrover
will itnage the landetto assist in status/damage
assessment?,

DESCRIPTION

The MIFEX rover (sce Tig. 1) is a 10.5kg, 6-
whealed vehicle 60 x 48cmx 30cm in size.
A rockerbogic designis employed which allows
the traverse of obstacles a wheel diameter (13cm)
insize Iach wheel has cleats  and s
independently actuated and geared providing the
capability of c¢limbing in soft sand and
sctambling overrocks. “1 hefront and rear wheels
arc independently  steered,  providing  the




capability>’ for the vehicle 10 tarn inplace (/4¢
(arming diameter). The vehicle has a top specidid
0.4m/miy,
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Fig. I MFEX microrover

‘1 he rover is powered by a 0.22sqmsolaty |
providing 1 6W of peak power. Thesolarpi, |
is backed up by primary batteries, providingup
10 1 50W-hrof energy. The normal diriving povii
requirement for the microrover is | OW.

Rover components N0l designed losmvive
ambient Mar’s temperatures (- 11 OdegC doringa
Martian night) arc containedinthewa
electronics box (WE B). The WERB jq s ulal g
with solid silica acrogel, coated with b m
cmissivity paints, and resistively heated uniie
computet control daring the day. 11 1. desion
allows the WEB to maintain colmpone s
between -40degC and + 40degC duting a Martin
sol.

(0111101 is provided by an integraledst o
computing, and power distribution ¢lections
‘i he computer is an 80C85 rated at 1 00K i
whichuses, in a 16 Kbyte page swapping fashin
176Kbytes of PROM and 576 Kbytes of R A M
The computer performs 1/0 to some @0 sen.o
channels an d services such devices i e
cameras, modem, motors  and  exprin il
clectronics.

Vcehicle motion control is accomplished thro: gh
the on/ofl’ switching of thedrive orsieer g
motors. An average of motor encoder (deiv ¢ o
potentiometer (steering) readings is used by th.
computer todetermine whento switcholi .

motors  Whenmotors are off) the computer
conducts a proximity and hazard detection
function, using 18 lascrstripingand carom
system to determiine the presence of obstacles in
its path. The vehicle is steered autonomously to
avoid obstacles but continues t o achicve the
commanded goal location’. while the vehicle is
stopped, the computer  also  updates its
medaqyre ment of distance traveled and beading
usine theaveraged values derived from the motor
enceders and auon- board gyro.

Comniand and telemetry is provided by radio
modems 011 the roverand lander.  During the
day, the roverregularly requests transmission  of
any commands sent from carthand stored on the
lander When commands are not available, the
rover transmils any  telemetry to the lander
collected dur g, the last interval between
communication sessions. Telemetry received by
the lander is stored and forwarded to the Earth.

Communicationbetweenthe lander and Earth is
provided twice cach sol for two boars during
cach period.  The command and telemetry
functions of thetoverare designed to work
within  these  communication  constraints
Cormmands are generally designed at a ‘high-
leve 10 (for example, 220 to waypoint’, where a
way point is a coordinate in the terrain referenced
to the location of the lander) and are collected
into a SCquen ce for execution by the rover. The
sequence is suflicient to carry oat the mission
functions of the 1over 011 the given sol of
issuance.

Commands for the rover are generated and
analysis of teleinctiy is performed al the rover
con trol station, a silicon graphics workstation
which is a part of the MPF ground control
opcration. At theend of cacb sol of rover
traveise, the camcrasyste o1l the lander takes a
stereoimage of the vehiclein the terrain. I'hose
images, portions of aterrain panorama, and
supporting images fromithe rover cameras are
dis played at thie control station. The operator i's
able to designate points in the €T ain on these
displayed images 1 hese points serve as goal
Jocations for rover iaver ses®. in addition, the
opetator can usc a miodelof the vehicle which,
when overlaid 011 the iinage of the vehicle,
measures  Jocation and  heading,. This
mformation is yransfersed into a command file to




be sent 10 the rover on the next sol tocotiedn i
navigationctrors and command FOVCHEavVeise

IMPLEMENTATION APPROACT |

The MFEX has beenimplemented by @ suoall
team of engineers (32 at peak stafling ) who atihn,
outset planned the development  within e
constraints of the $25M cost cap®. As sui L the
early focus of the effort was the develepinantida
system design, a bascline of functionality of i
vehicle which was used for costing, the appro: 1
A few basic functions were recognized asieanied
for the mission:

on-board navigation and kunow ledee o

location from the lander

harzard detection and avoidance

mobility suited for a terra in of souad vl

many small (under 1+ Ocm) 1o¢ ks and 1w

large (greater than 1 m) rocks

traverse  plan  developed  from ma o

displayed at a ground control workstation
These functions were developed as protaty pesu
thc NASA OSA-" rover technolopy gy
through  tile  ‘Rocky’  series of vehi kL
developments'.

With the F'Y92 vehicle (Rocky ) us @
[ethnology baseline, the team developeda(ost
estimate  for the implementation Sovial

components of the eventual flight vehicle v -
recognized as technology challenges:
motors and gears which wouldoperetcat
-80degCandsurvive to - i i Odegt
thermal design (especially the W /ERY w tuch
would protect sensitive clectionics o Iy
maintained within 4 40degC rangc
cameras whichcouldbe produ ¢ d cll oo
and suppor t the hazard detection systein
communication cquipment which v o i
operate with a free-ranging rovet
batterics which would backup a solar parn |
subject to a variety of shadowingaudiil
conditions
on-board computing which wo uld proo s.
the sensors; exceute the bacic dronv i
nav igation and hazard avoidance fun¢ tiont o
the vehicle;and support the commuand e
telemetry requirements.
In addition, the components as well asiin
integrated vehicle must be shown qualificd 1o
the envitonments of the mission (¢.o Jaurh
within the MPL Jander, 7 m onth cruise toM

landing on Mars, operation  in the  Mars
cuvitonient).

‘1 0 accomplishthis challenge the teamadopted a
1apid 1110000ty pe” approach o the
unplementation. Since in many instances flight
qualitied component s were either 100 expensive
o1 unavailable, cammeicial or mil-spec standard
components weie identified and plans 1o qualify
throuph a test and selection process initiated.
‘G hiswas done forthe case of the motors and
pearboxes, the camcras, the radio modems and
many clectronic components for the rover. In
cases in whichthere were no flight qualified
models for the development, as for example the
thermal designof the WERB, engineering models
we ¢ developed and ¢ valuation conducted early in
the  program. | inally, to facilitate softwarc
development and  clectionic component
integration, a Rocky vehicle was delivered from
the rover technology program at the start of the
m ojevtand maintained as a testbed throughout
till’ developnent

In the following scctions examples of this
approuach are presented.

Actuators

‘1 henobitity capability of the MEEX rover is a
function of therocker-bogic and “all-wheel drive’
designTenmotors arcrequired: one for each of
6 wheelsand 4, one foreach fiont and back wheel
stecring element 1 ach motor mast survive the
Ma,s sitrace cnvitonment, with  night-time
ternperatures reaching i i OdegC, and operate
durie. carly  morning,  conditions, when
tempe ratures are not warmer than -80degC

Whensurveying the industiy for motors which
might  satisfy  these  requirements, motors
designed for space flight application arc
nominally brushless \\ ith integrated electronics,
not suited for operation at these temperatures.
Witc1outing to move the clectronics from the
wheel to inside the rover’s WE B would b e
cumbersotne (many  wires  crossing  moving
components) and be the sowee of a heat leak.
This dictated looking at an alternate technology,
broshmotors, which is generally available for
comnercial not space flight applications. Afler a
survey of commercial motor vendors, the Maxon
motor  was chosen, w ith its superior torque
vers us mass porformance and a commutation



scheme suited for the prevention of a oy e
issue forthe 8lorrat mosphicre at the Mania
surface.

‘T he actuators for the MEEX rover also requi ¢ s
gcar ing design which transfers many turne of th

shaft of the motor into torque to mox kit mis
of mass. Againthe MFEX projecttumed o th
commercial market to procure a gear bax for th
application, Farly devclopmenttesting of this
gear trainand motor assembly revealed hecszup
and highbreakaway torqu e required 10 starl tn
actuator a t temperature. MEEX  engmier
worked closely withMaxon to cncaps vls ¢ the
capacitors 10 improve the power-use per los nies

at temperature of the motors.  In addition i
testing helped MFEX engincers identily i
remove greases and friction from the pear o
which were sources of the ficeze-up  The 1 ult
is an actuator which op¢r ates al N o
environment, drawslessthani SWatinaxinm
output, and has shown no degradation afic &t
of lifetime tests at temperature.

Modems

The MEEX rover gathers data during it~ 1oiss o
and communicates 10 a lander for *qor ¢ ine
forward’ service to the earth. This fice 1ang ing
characteristic of a planetary rovetmaskeswirel ..
communication essential. Il owevct, Space it
examples of such telay communications (shutic
10-'1'1)1<ss, probe-to-Galileo) involve  hoh
powered (several 100W of tadiated pow 1)
systems designed for many kilometois of sig al
relay. The MEEX rover is planned t¢ tange {now
the lander only 10's of meters and in prototy i
demonstrations  was capable  of  accoptahile
communication through low power{utmder/ W'
UHF modems. When surveying theindist:y
no space flight qualified equivalent systams\\, 1
available andonly a few mil-specradio niode«
wereidentified as applicable, but at apiohibitye
cosl. The MFEFEX  project turned (o e
commercial market and, in particular, onc of 1
largest commer cial manufacturers of w s .
communication devices, Motorola, fo adhivee
which would satisfy its data transfer needs.,

The RNE T modem was chosen botliforits fow
power and rugged packaging, mostnuut iy st
for the mission environment.  Yet, thistiuin
modem  would  need to  satisfy  111¢ 111

requirements (operate from-40degC to *140cicg,(’
in the WIB), operate undetradiation conditions
{wheie latch-up willnotoccur for a LET below
30), and survive aderived dynamic environment
associated witha S0g landing load. J] 1. and
Mototola  cngincers worked  together  to
chirsctetize pesformance attemperatute and under
radiation, and adapt the radio modem and its
supporting clectionies to function under the
required conditions

Inearly testing, latch-up of the modem would
occurat a | F'Tunder 25 However, the latch-up
was non-destractive: the modem was leflin a
lateh up state for over | hre > power cycled, then
showy  to work  properly  thereafier.  The
adaptation o f' the modem then involved the
addition of citcuitry and software control to
detectand then conrectthrough a power cycle of
the device whenalatch-up occeurs.

Giventhat the manufacturersrating of the modem
\\ as for operation between of -30degC a n d
145dee(C, the MELEX project planned to test the
nodems at lower temperatures and select those
which would oper ate bestthiough tbhe 440degC
temperature range for the WEB.  This testing
and sclection processresulted in devices which
wor ked aceeptab ly (i, e., bit crror rates less than
} 01 -5) throughout the temperat ure range as
determined  through communication  to  an
exter nal, iefocuce inodem maintained at room
temperature. Jn characterization tests of pairs of
modems  wheic tomperatwes can vary (the
condition of the MEEX mission where a modem
on the landec will be at a temperature distinet
fiomthat of a modcinonthe rover), performance
degrac led: bt cnar rates of greater than 1013
were obser ved. The cause of the problem was
frequency driftinthe crystal oscillator (anti
relatecd parts of” the circuitry) of the modem at
temperatuies below -2 0degC. An external,
temperature controlled erystal oscillator is under
consideration for 1eplacement  of the crystal
oscill wtor packaced w ith the R NET modem.
Thisteplacementwould need to occur after the
delivery of the ME 1T X qover to the MPE flight
systent and be pait of a retrofit, prior to launch.
Altcrnately, aheating schenic has been evaluated
and shown to huprove the performance of tile
modems. The modem is cquipped with a heater
whichis powcied-onwhenever tile temperature in
the WIB is below - 1 OdegC and communication
between the rover andlander is required,




Insulation of the WER

The requirements for the thermal desivn of the
WEB were to maintain  electionics w ithin
140dcgC temperature range in the presence (1o
distinet thermal environments: opcrations  on
Earth during test, on the launchps i in
configuration with the MPF  lauder, o
attached to the lander opcm deliveryto M

Mars sutface exploration. Inaddition, the Wi 1,
was required 10 meet a mass target of undes 2y
satisfy the 60cin x 48cm footprint of the vehile

and satisfy a heal leak requirement of undei 2\,

Several insulation techniques were considered o
the application: Owens-Corning Aura ' M\ w v
jacketed fiber insulation, polyuretlane fom
opacificedacrogel powder encapsulatedinNores
honeycomb core, and  solid silica acrop e
sheet  and  spar  structural  desiyn. the
nonrigidized vacuum bottle concept of € » s
Corning, Aura™  essentially uses thin m tal
shects  scaled  around  evacuated fibeo o s
insulation. Although acceptal v Jow i
conductivity, the edge eftfects of thie indiv id sl
small panels were impractical giventhacedfix
additional mass to support the dcsign “lh
polyurcthane foam was balky andther coun el
amountfor the thermal design couldnotis
satisfied within the volume and mass consteant.,
of the rover. The design developed usuiy 1he
opacified acrogel powder in the  Nowes
honeycomb had acceptable thermalperfoning s
characteristics. However, two problems cinetyed
when a WE B of this design was baidt  “1h
opacifiecd aluminum added to the acroge! v de
availabl ¢ comm ercially resulted it a bulk dene i
of 160mg/ce. The resulting insulation did ot
meet the mass requirement. In addition, i a
dynamic testing of the WEB with this desig
showed a tendency for separation of the matcig’
resulting in ‘cold spots’. Althoug I this vea
most prevalent in weightless conditions wh ¢
couldbe addressed by other means during cruse
anothe rdesign was considered.

The solid silica acrogel was sc¢lected asihe
inhalation material for the MEFEX1overduct
positive experimental and anal ytical yesults lo
thermal conductivity and bulk densives 1,
manufacture of 2 Omg/cc which oflered pronse o
meeting the mass requirement. This scleeton

was not withoutits own problems, since the
material at this density was produced in an
autoclave unique to a IPL. technology program
andonly in quantities sufficient for usein a
proposed sensorprogtam’. Also this decision
wasvached only afterthe above approaches had
been tejected: the approaches used in developing
the cost estimate for the project. The time was
18 months (3794 ) into the project and a WEB of
all  acceptable  design was due for initial
integrationwithothet rover components within 9
months (12/94). A significant  design  and
developm ent eflt by MPFEX  engincers  and
technologists ensued,  resulting in the
lian(l(ac.lute of a WIB for evaluation and test
(1/)5) The suceess of the first  thermal
cnvitonment and dynamics test kept MEEX
roverintegiation on schedule bat al the cost of
the fustsignifican t atlocation of reserves.

Software DeveloprentModel

Priorto the initiation of the MFEX project a
Rocky vehicle had beendemonstrated performing
a scienee  mission  resembling the initially
planned investigations forthe MPE mission,
Thesuccess of this demonstration established a
technology bascline for the MPEX project. But
alsoresultedinthe delivery of the Rocky vehicle
(Rocky 4) to the project.

Rocky 4.1 was the Rocky vehicle stripped to the
bare chassis for mobility testing in sand and
lunar simulant. Motors and mechanisms which
were close analogs of those considered for the
flight rover were added for these tests. Rocky 4.1
wasthenupgraded with a wire-wrap completing
breadboard, the gyro and aceelerometers selected
for the flight rover, commet cial cameras and laser
stripers, and the RNET radio modem. 1 his
vehicle (Rocky 4.?) became the testbed for
sofiware development. The basic navigation and
hazard avoidance algorithms, motor and vehicle
control strateg, ics, the communication protocol,
command  and  telemetry  formats, and  the
wemory managementand processing architect ure
o t the MEEX 1ovar was developed on this
testbed. A version of this software \vas running,
o011 Rocky ft. ? bytheend of the first year of the
project and evaluationsin a sandbox were
conducted.



When the first Maxon motors and geart ones
intended for the MFEX rover weie availat:le
Rocky w a s retrofitted becoming Rocky 4 3.
Software development cent inued with upgr e of
the vehicle contiol and monitoring algor ath s
in addition,Rocky 4.3 supported the first end-to
end data system test conducted by the M 10 |
project. In this test, communication bgiwe.n
Rocky, a testbed version of tbc MPL hi: hi
computerand the first version of the groundd 12
system established the functionality of this pon
of the mission data flow and allowcedintoifi
agreements among the various systemstolx
involved to beverified. Rocky 4.4 containidiie
fust assembled cameras and lasers of the Milx
rover design and supported thetestof '«
enginecring model of the APXSdeploy
mechanism.

The fust prototype  computer and  pov o
distribution boards for the MEF 1IX rovir voas
developed in a wire wrapped byassboad
con figuration. When con figured with they est o
tbc Rocky vehicle, Ibis becameRocky 45 “Lic
m ass and volume of this brassbomd set o
clectronics made Rocky 4.5 the firstnon-mobilc
vehicle in the Rocky series. | lowever | ¢
benchtop testbed, the interfaces to flight viisions
of Component electronics and thesofin, i
management of the MFEX rover sensors v
verified with Rocky 4.5.

The final prototype in this series wasRocky it
with a discretc wired, printed circoit bord
version of the MIEX rover electionics. All but @
few of the components on these i cuil boz: d-
were 1 ight parts. The construct jon of the «
boards tested the production process forthe
eventualflight electronics boards fortheM 1”1
rover andwere tbc functional and phys o'
equivalent of these boards. While th ¢ eviluation
model of tbc MFEX rover was beingconshuce
(the System Integration Model rover orSIN
Rocky 4.6 was the testbed for the flight softwire
The timing and interface protocols 1o al
cleetronics weie developed and tested, e
structure, size and data manage ment einnplos. ed
by theflight software was verified onRock\: .
and this vchicle participated in tbc finalph el
the end-to-end information system tests prjor to
the initiation of tbc Assembly, Test andiiunch
Operations (A11.0) for the MPY project.

Rocky serves as the best example o f the ‘rapid
prototype’ process used by the MELX project.
Throughout the entite course of tbc project a
‘version” of the eventual flight vehicle was
available forsofiwaie development, system test
and evaluation purposcs.

SYSTEM IN 1 1:GRATION MODEL (SIM)

The final steps of the implementation process
used by the MI'L X project w as the development
in tandem of two rover vehicles : the ‘System
Intcgration Model” or SIM and the Flight Unit
Rover or FUR.

“ 1 he SIM was intended as the engincering, or
evaluation model of the eventual MFEX rover.
All assembly procedwes, environment tests,
functional tests, {itchecks, cleaning procedures
and g roundsupportequipment development were
firs: checked on the SIM before being applied to
till’ TUR.  Since tile SIM anti FUR were
(onstiucted tothe samne set of blueprints, the test
expericnce of the SIM was a direct analog to the
eventualper fonnance of the FUR under similar
test conditions. Theusual ‘qualification level’
test conditions  were  applied to the S1M:
temporature  extremes 1 SdegC o beyond  the
expected  nominal - conditions,  static load
conditions 3sigmaabove predicts, dynamic
Joa ds 4 factor of 2 above those establ ished for
flightacceptance, etc.  Ail but onc test was
passed by the SIM, giving confidence [bat the
FUR when exposed to “flight acceptance levels’
of thesame tests would pass without a problem.

‘i he one test case failure occurred during the
centrifuge test of theSIM. in the tic-down
con fipuration of the rover to the MPE lander
petat wheel eleats naesh to similar material o n
the mounting hardware o n the petal. Due to
weatof the cleat\ throughthe extensive series of
functional tests (thie centi ifuge was the last
cetvitonment test of the S] M), cleat bonds failed
and & wheel released on the final axis of the
centrifuge test rotating, around the wheel cages to
stiike and damagethe SIM solar panel.  ‘lbis
led to a redesign of the wheel cleats and tbce
imtroduction of nivets to augment the cleat bonds.
‘1 hewheelof thistevised design was tested with
the | UR in @ contrifuge test  at the flight
acceptance levels and the FUIR passed this test
without incident. ‘i he SIM with tbc revised




wheel cleats will be  tested ag ain g the
qualificationltevels for static loads.

With the assembly, test and delivery of the FUR
to the MPF project completed, the SIM L
become  the  testbed  supporth g sovivare
parameters tun ing, operations planning  an 'l
personnel training, for the operation phase of the
Pathfinder mission. As a part of these activities
the SIM will undergo field testingm outdoo
test  facilities at  JPL - and  elsewhion
demonstrating the robustness of the mob ility,
navigation and hazard avoidance systeing

As  testamentto  the  benefn ol 1
implementation  approach, the 1UIR  \,a
integrated with the MPFE lander without 1
problem, satisfying all mechanical and electe st
interface requirements.  The software delinv ¢ d
with th¢ FUIR has been shown to work W\ ith the
MPF lander flight computer sofiware and ground
system. All can be attributed to the incicinenital

test and development approach employed |y
MEPEX.

SUMMARY

The ‘rapid prototyping’ approach 01 theM11 X
project has proved successful inlcadmgtatic
delivery of the MFEX rover to the MPIlipIn
system, As canbe seen in Fig. 2, the ¢ost
incurred by the project at time of this deli\{.t} is
roughly two-thirds of the available resources.

Fig. 2 MFEX Cost Performance

The implementation plan developed dume e
first ycar of the project and presented atthe MY
proiject Design, Implementation and Co
Review (DICR)has proved rematkably seq v
The smant reserve of the MEFEX project (less thin
$3Mof the $25Mcost cap) and onlavailiuht,

afterthe fust yea of the project has been sufficient
to address problems in the development and test
program conducted by the p roject. A's the first
flight  microrover  development, the MFEX
project has shown that a technology development
canbetakenthroughimplementation in the span
of 40 months using the approach described
hercin. ‘1 hesmallMPEX engineering staff looks
forwardto the launchand operation phase of the
mission.
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